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3,344,425
MONOPULSE TRACKING SYSTEM
James E. Webb, Administrator of the National Aeronau-
tics and Space Administration, with respect to an in-
vention of John Paul Shelton, Jr., Bethesda, Md.
Filed June 13, 1966, Ser. No. 557,871
36 Claims, (Cl, 343—16)

ABSTRACT OF THE DISCLOSURE

A spiral array having three or more radiating elements
or a log-periodic array simulating the characteristics of
such a spiral array, is operated to excite a parabolic dish.
In the case where the spiral array has four radiating
elements, these elements are connected through a hybrid
network to derive sum and difference signals which are
phase compared to develop azimuth and elevation infor-
mation. The inclusions of a larger number of radiating
elements increases the angle at which a target can be
detected relative to the antenna boresight axis.

The invention described herein was made in the per-
formance of work under a NASA contract and is subject
to the provisions of Section 305 of the National Aero-
nautics and Space Act of 1958, Public Law 85-568 (72
Stat. 435; 42 U.S.C. 2457).

The present invention relates generally to monopulse
tracking systems, and more particularly to a monopulse
tracking system having an antenna array of at least three
radiators for deriving circularly polarized sum and dif-
ference mode patterns.

Conventional prior art monopulse, i.e., simultaneocus
lobe comparison, tracking systems for deriving both azi-
muth and elevation indications have generally included
four mutually orthogonal radiators for deriving sum and
difference mode patterns that are linearly polarized in
two orthogonal directions. The responses of two aligned
radiators in each of the directions are subtracted from
each other to derive a pair of orthogonal difference mode
signals, each of which indicates the array response along
the axis of the aligned radiator pair, while a sum mode
response is derived by adding the responses of all four
radiators. The difference modes of the two orthogonal di-
rections are separately compared with the sum mode to
derive azimuth and elevation indications of target loca-
tion. To derive the two indications with this typical ap-
proach, it is necessary for three microwave signals, the
sum signal and the two difference signals, to be fed from
the tracking system antenna fo a detector. It is desirable
in many instances, however, to minimize the number of
microwave signals between the antenna and detector,
whereby errors due to noise and differences in transmis-
sion line distance are reduced.

One approach suggested by the prior art to reduce
the number of microwave transmission paths between the
tracking system antenna and the detector to only a pair
of lines involves a pair of spiral feeds. The pair of spiral
feeds is excited with sum and difference modes to derive
circularly polarized patterns. As in the case of linearly
polarized monopulse systems, the circular polarization
sum and difference mode patterns respectively have a
maximum and substantially a null along the antenna bore-
sight axis. In contrast to the linearly excited monopulse
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array, however, the circularly excited array has sym-
metry through every plane of the boresight axis, not only
through the two mutually orthogonal planes correspond-
ing with azimuth and elevation.

In the proposed prior art circularly polarized mono-
pulse system, information in one coordinate direction is
obtained by phase comparing the sum mode and differ-
ence mode signals derived directly from the antenna ar-
ray. The direction information in the other coordinate
axis is generated by phase comparing the sum and dif-
ference mode signals after the difference mode signal
has been phase shifted by 90°.

Attempts to construct a monopulse system having cir-
cular polarization derived from a pair of spiral feeds have
proved unsatisfactory. In particular, it has been found
that the sum and difference mode impedances with a
radiator employing only two spirals are so different that
it is virtually impossible to provide an efficiently operat-
ing system. With a two arm spiral, the difference mode
has a relatively large impedance of 500 to 1000 ohms
from one of the spiral conductors to ground while the
sum mode has the relatively low impedance of between
50 and 100 ohms between one conductor and ground.

Because of the relatively wide divergence between the
impedance to ground of the sum and difference modes
of a two arm spiral, it is impossible to couple efficiently
energy between the radiator and the excitation metwork
therefor. If the difference mode is matched with the exci-
tation network, the energy derived for the sum mode is in-
sufficient, in many instances, to enable meaningful signals
to be derived while the opposite occurs when the sum mode
of the antenna is matched to the excitation network. If the
excitation network and the transmission line between it
and the two arm spiral antenna has a characteristic im-
pedance that is a compromise between the characteristic
impedances of the sum and difference modes, the mis-
match is still too severe to enable meaningful signals to
be derived, whereby no information is obtained in either
the sum or difference mode for many targets.

It has been discovered that the mismatch problems be-
tween the two modes of the prior art two arm spiral can
be minimized sufficiently to enable efficient coupling be-
tween a monopulse excitation network and a monopulse
circular radiator if at least three radiators are provided.
In a radiator formed as a spiral having in excess of two
arms, the phase difference between adjacent conductors
of the spirals is such that appreciable currents of ap-
proximately the same magnitude flow between the spiral
arms in response to both sum and difference mode ex-
citations. In contrast, a two arm spiral excited in the
difference mode has virtually no current flowing between
the arms thereof; instead, the current flows from the
spiral arms to a conductor carrying current back to the
excitation network. Oppositely, however, in the sum mode,
the two arm spiral has appreciable current flowing be-
tween adjacent conductors because appreciable segments
thereof are always 180° out of phase with respect to
each other.

These differences of impedance between the two modes
are not as severe with a multiple arm (i.e., more than
two) spiral. To consider the specific example of a four
arm spiral, in the sum mode there is a ‘90° phase dis-
placement between adjacent conductors toward the cen-
ter of the array, whereby a 180° phase difference exists
between every other conductor. In consequence, current
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flows between every other conductor of a four arm spiral
when exicited in the sum mode. In the difference mode,
adjacent conductors close to the center of a four arm
spiral have opposite phases so that current flows between
them. Because the distance traveled by the currents in
a four arm spiral excited in the sum mode is therefore
approximately twice the distance traveled by currents in
the difference mode, the impedances of the two modes
are on the same order of magnitude. Thereby, energy can
be efficiently coupled to the radiator in both modes if
the characteristic impedance of the excitation network
and transmission line is a compromise between the sum
and difference mode impedances of the antenna array.

While the sum and difference mode impedances of a
three arm radiator are sufficiently alike to enable efficient
coupling of energy to them, it has been noted that a three
arm radiator is not advantageously employed in a mono-
pulse tracking system. In particular, it has been found
that the difference mode of a three arm radiator has its
null removed from the boresight axis whereby errors in
the elevation and azimuth indications results.

Translation of the null for the difference mode from
the bore sight axis with three arm spiral radiators occurs
in response to energy reflected from the ends of the
separate radiators. The energy reflected from the ends of
the spiral radiators is transformed into a sum mode of
the opposite sense of circular polarization. When this
mode radiates, it has the effect of displacing the null for
the difference mode. In particular, for each possible linear
polarization, with all possible orientations, the null is dis-
placed in a different direction off the boresight axis. Since
the antenna is generally intended to receive linearly
polarized signals, as well as circular, this characteristic is
undesirable.

Circular polarization radiators having four or more
arms, however, have been found to exhibit nulls in the
difference mode precisely along the boresight axis. Re-
flected difference mode energy with arrays having at least
four arms is not a problem because the energy is trans-
formed into a mode other than the sum mode. Since all
modes except the sum mode have boresight nulls, this
energy, when radiated, has a boresight null and does not
influence the null of the difference mode.

In a preferred embodiment of the present invention, an
antenna array having at least four arms is excited by 2
microwave network of hybrids and phase shifters arranged
to have sum and difference excitation ports. The received
signals at the sum and difference ports of the excitation
network are supplied to separate superheterodyne receiver
channels so that a pair of L.F. signals is derived. The L.F.
difference signal is compared in phase with the sum signal
to derive information indicative of the target location in
one of the coordinate directions while the other coordinate
direction information is generated by phase shifting the
sum LF. signal by 90° and phase comparing the phase
shifted difference signals.

Another feature of the present invention relates to
increasing the acquisition angle of a monopulse system.
As is well known, in conventional monopulse systems the
acquisition angle, i.e., the angle at which a target can
be located off the antenna boresight axis, is relatively
small, being limited to the relatively narrow width of the
sum mode pattern which has a diameter of approximately
N/, where \ is the wave length of the radiated energy and
« is approximately 3.14159. Since target acquisition data
is derived in response to a comparison between the sum
and difference modes, the narrower sum mode pattern
determines the system acquisition angle. It has been found
that the acquisition angle can be increased materially if
radiators having in excess of four arms are employed, such
that multiple difference mode signals are derived and
adjacent difference mode signals are compared with each
other.

In a particular embodiment of the present invention,
eight spiral radiators are interconnected with an array of
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hybrids and phase shifters to derive a sum signal, a first
difference signal for indicating azimuth and elevation, and
five additional difference signals. The radiators illuminate
a lens or parabolic reflector to excite far field patterns.
The sum and difference modes of the eight arm spiral
radiator have the usual radiation diameters of A/x and
2N/, respectively, while the higher difference modes
have radiating diameters integrally increasing from 3\/x
to 7A/«. The price paid for deriving the higher acquisition
modes is in lower maximum amplitude of each succeeding
difference mode, with its correspondingly larger angular
coverage. The gain of the higher difference mode patterns
is considerably greater, however, than the gain of existing
systems utilized for increasing the acquisition angle of
monopulse systems.

Anocther arrangement whereby the acquisition angle
of a circularly polarized antenna array is materially in-
creased is by utilizing an array of eight log-periodic radia-
tors. Each of the eight log-periodic radiators has an excita-
tion terminal or port located in a circle having relatively
small diameter. The arms of the elements extend radially
outwardly from the excitation terminals, with connections
being made to log-periodically arranged elements that are
coupled with each other and extend circumferentially in a
circle to simulate approximately a spiral radiator. The
eight excitation terminals of the log-periodic radiators are
connected with a hybrid and phase shifting network that
has six output terminals, one for the sum, first difference,
and second difference modes of both circular polarization
directions. The radiating diameters of the second dif-
ference modes are 3\/# while the radiating diameters
of the sum and first difference modes are N/= and 2A/.
The inherent excitation of the arrays in both the left and
right circular polarizations enables targets of arbitrary
polarization to be tracked on the same frequency with
exactly the same antenna and transmitter.

It is accordingly, an object of the present invention to
provide a new and improved monopulse tracking system.

Another object of the present invention is to provide a
new and improved monopulse tracking system wherein
circularly polarized signals are derived.

1t is a further object of the present invention to provide
a new and improved monopulse tracking system wherein
only two microwave channels are required to feed the sum
and difference information for two orthogonal coordinate
directions between the antenna and detector.

Tt is another object of the present invention to provide
a monopulse tracking system having circularly polarized
radiation patterns, wherein energy is coupled efficiently in
both the sum and difference modes between the excitation
network and the radiator array.

A further object of the present invention is to provide
a new and improved circularly polarized monopulse track-
ing system wherein the difference mode pattern has a null
substantially along the boresight of the antenna array.

An additional object of the present invention is to
provide a new and improved monopulse tracking system
employing in excess of two spiral radiators wherein the
difference mode pattern has a null along the boresight of
the antenna array.

Still a further object of the present invention is to pro-
vide a new and improved monopulse tracking system
having circular polarization patterns derived from an an-
tenna array having in excess of three radiators.

Yet an additional object of the present invention is
to provide a monopulse tracking system having relatively
large acquisition angles.

Yet still a further object of the present invention is to
provide a monopulse tracking system from which circular
polarizations in opposite directions can be simultaneously
derived at the same frequency.

Yet a further object of the present invention is to pro-
vide a monopulse tracking system having difference
modes with radiation diameters in excess of 21/, where
\ is the wavelength of the transmitted energy.

4
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Still another object of the present invention is to pro-
vide a monopulse tracking system having a difference
mode with an acquisition angle seven times greater than
the first difference mode pattern.

Another object of the invention is to provide an an-
tenna array that performs in a manner similar to a spiral
array but which can be driven simultaneously with op-
positely polarized circular energy.

A further object of the invention is to provide a new
and improved log-periodic antenna array.

The above and still further objects, features and ad-
vantages of the present invention will become apparent
upon consideration of the following detailed description
of several specific embodiments thereof, especially when
taken in conjunction with the accompanying drawings,
wherein:

FIGURE 1 is a block diagram of one preferred em-
bodiment of the present invention employing a four arm
spiral radiator;

FIGURE 2 is a front view of a preferred embodiment
of the antenna utilized with the tracking system of FIG-
URE 1;

FIGURE 3 is a side view, partially in section, of the
antenna of FIGURE 2;

FIGURE 4 diagrammatically illustrates the instantane-
ous aperture field components in response to the radiator
array of FIGURE 2 being excited in the difference mode;

FIGURE 5 is a schematic illustration of the instan-
taneous aperture field components in response to the
radiator array of FIGURE 2 being excited in the sum
mode;

FIGURE 6 is an illustration of the relative amplitudes
of the sum and difference mode patterns for the radiator
array of FIGURE 2, as a function of angle off the bore-
sight axis;

FIGURE 6« is an illustration graphically depicting the
meaning of the angle ¢ in FIGURE 6;

FIGURE 7 is an illustration of the relative amplitudes
of the sum and difference mode patterns derived from a
parabolic radiator excited by the radiator array of FIG-
URE 2;

FIGURE 8 is a graph indicating the relative R.F.
phases of the sum and difference modes of the array of
FIGURE 2, plotted as a function of angle about the an-~
tenna boresight axis;

FIGURE 9 is a schematic diagram of a preferred em-
bodiment for the hydrid network of FIGURE 1;

FIGURE 10 is a schematic illustration indicative of
what functions are performed by the hydrids of FIGURE
9;

FIGURE 11 is a schematic diagram of still a further
embodiment of the present invention employing an eight
arm spiral radiator;

FIGURE 12 is a top plan view of an antenna radiator
array that is employed with one embodiment of the net-
work illustrated by FIGURE 11;

FIGURE 13 shows relative amplitude patterns of the
several excitation modes for the array of FIGURE 12;

FIGURE 14 is a plot of angle about the boresight axis
of the antenna of FIGURE 12 versus relative phase for
the several excitation modes thereof;

FIGURE 15 is a plot of relative amplitude patterns of
a parabolic dish excited by the spiral radiator array of
FIGURE 12;

FIGURE 16 is a circuit diagram of the hybrid network
utilized for exciting the radiator array of FIGURE 11;

FIGURE 17 is a front plan view of an embodiment of
an antenna array having a plurality of log-periodic ele-
ments arranged to simulate a spiral radiator;

FIGURE 18 illustrates plots of boresight angle versus
relative phase for several excitation modes of the radiator
array of FIGURE 17; and

FIGURE 19 is a block diagram of a further embodi-
ment of the present invention employing the radiator of
FIGURE 17.

(%13

10

30

40

45

50

55

60

65

70

75

6

Reference is now made specifically to FIGURE 1 of
the drawings wherein there is disclosed schematically a
plurality of radiators 11 positioned at the focal point of
parabolic reflector 12. Radiator array 11 includes four
excitation ports 13, 14, 15 and 16, that are intercon-
nected with hybrid network 7. Hybrid network 17 in-
cludes an additional pair of poris, sum port 18 and
difference port 19. Sum port 18 is connected to micro-
wave transmitter 2%, of the conventional radar type,
through transmit-receive (TR) network 22. If the system
is employed solely as a tracking system, transmitter 21
and network 22 are not required; in such a case the
energy for exciting the tracking system is derived from
the target or an adjacent transmitter. Sum and difference
ports 18 and 19 are connected to mixers 23 and 24,
respectively, which are driven in parallel by the output of
local oscillator 25.

1LF. output signals are derived from mixers 23 and 24,
and applied to LF. amplifiers 26 and 27. The relatively
low frequency output of amplifier 26 is applied in parallel
to the inputs of phase detectors 28 and 29, the other in-
puts of which are responsive to signals derived from the
output of amplifier 27. Phase detector 29 is responsive
directly to the output of amplifier 27 while phase detector
28 is connected with amplifier 27 via phase shifter 31
that cause the 1.F. frequency to be advanced in phase by
90°. As seen infra, the D.C. signals derived from phase
detectors 28 and 29 have magnitudes directly porpor-
tional to the elevation and azimuth of a target relative
to the boresight axis of the antenna system comprising
radiator array 11 and parabolic reflectors 12-

Reference is now made to FIGURES 2 and 3 of the
drawings which illustrate a preferred embodiment for the
radiator array 11 of the radar of FIGURE 1. As seen by
the top view, FIGURE 2, the radiator array comprises
four relatively wide bandwidth equal length spirals, which
may be either of the equiangular or Archimedean type.
The four spirals 32-35 are respectively connected to ex-
citation ports 13-16 of hybrid network 17. The innermost
portions of spirals 32-35 are mutually orthogonal, ie.,
located at the corners of an imaginary square. Thereby,
spirals 32 and 34 terminate on the horizontal bisector of
the radiator array at the left and right sides of the array
center, respectively, while spirals 33 and 35 terminate on
the vertical bisector of the array, above and below the
array center point, respectively. Each of frequency inde-
pendent spirals 32-35 makes approximately three com-
plete revolutions, with the outermost ends thereof being

mutually orthogonal, to form an array having a diameter
of 4N/

The innermost ends of spirals 32-35 are preferably
excited by ports 13-16 of hybrid network 17 to derive a
wave of circularly polarized energy in the right hand
direction. Left circularly polarized waves can be derived
by connecting excitation ports 13-16 of hybrid network
17 to the outermost ends of spirals 32-35. It has been
found, however, that the antenna response is not as
favorable when the spirals are driven from their outer
ends.

Spirals 32-35 are formed as conducting metallic mem- -
bers on dielectric surface 36 utilizing techniques similar
to those employed in the printed circuit art. Dielectric
board 36 is mounted on metallic housing or cavity 37,
and is positioned approximately a quarter wavelength
of the frequency generated by transmitter 21 from the
back metal wall of the cavity. Since dielectric board 36
is positioned towards parabolic reflector 12, substantially
all of the energy derived from spirals 32-35 is trans-
mitted away from cavity 37, being directed at parabolic
reflector 12. The inner conductors 44 of four coaxial
cables 45 connecting the outputs of hybrid network 17
are connected through appropriately provided apertures
in the back wall of cavity 37 to enable connections to be
established to the innermost ends of spirals 32-35. The
shield or outer conductors of coaxial cables 43 are con-
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nected to cavity 37, whereby the cavity is effectively at
ground potential.

Hybrid network 17 is arranged so that excitation of
sum mode port 18 results in each of ports 13-16 deriving
a wave that is displaced 90° from the wave derived from
the adjacent port. In other words, excitation of input
port 18 of hybrid network 17 causes ports 13, 14, 15
and 16 to be excited with voltages that have relative
phases of 0, /2, =, and 3#/2 radians Hybrid network
17 is also arranged so that excitation of difference mode
port 19 causes adjacent ones of ports 13-16 to be excited
with voltages displaced in phase by = radians, i.e., the
relative phases of the voltages on leads 13, 14, 15 and
16 are respectively 0, =, 0 and = radians.

Because spirals 32-35 have their input terminals dis-
placed from each other by 90° and the excitation signals
applied to these spirals are phase displaced by 90° at
any instant, when excited by the sum mode, the electric
field vectors at any instant are aligned at a radius of
M2z, FIGURE 5 indicates the direction of the vectors
at the time instant when maximum positive voltage is
applied to terminal 14 and spiral 33. At such an instant,
zero voltage is fed to terminals 13 and 15 while maxi-
mum negative voltage is applied to terminal 16. Because
of the phase relationship indicated, equal magnitude
positive and negative currents flow in spirals 33 and 35
and no current flows through spirals 32 and 34. The
current distribution produces a pair of electric field
vectors in the vertical plane that have the same direction.
The currents in the horizontal plane are in opposite
directions, whereby zero electric field is derived. At radii
along the spiral array farther removed from the center
than A/2r, indicated by circle 42, both the vertical and
horizontal components cancel, so that the effective radi-
ating diameter of the sum mode energy is A/x. In re-
spounse to the R.F. energy exciting spirals 32-35 going
through a complete cycle, the electric field is rotated
about the center of array 11 to derive a circularly polar-
ized pattern in the right hand direction.

Excitation of hybrid network 17 by difference mode
port 19, in contrast to sum mode excitation, causes the
radiator array electric fields to be directed in two orthog-
onal directions at any instant, as indicated by FIGURE
4. At the instant being considered in FIGURE 4, it is
assumed that maximum positive currents are applied to
spirals 33 and 35 while maximum negative currents are
being applied to spirals 32 and 34. The stated current
relation causes electric fields of opposite polarities to be
established in the horizontal and vertical planes at a
radius of A/w. At the center of the array, all of the
vectors have equal and opposite amplitudes, whereby a
null occurs. At a radius greater than A/# from the center
of the array the electric fields established by the currents
in spirals 32-35 tend to cancel, whereby the effective
radiating diameter of array 11 for the difference mode
is 2\/=, indicated by circle 43. In response to the R.F.
excitation applied to spirals 32-35 going through one
complete cycle, each of the vectors in the paftern of
FIGURE 4 rotates 360°. Because the difference mode
vector pattern repeats itself and the sum mode vector
pattern does not, the apparent phase of the R.F. differ-
ence mode energy goes through 720° as the sum mode
energy goes through 360°.

Hence, the sum and difference modes are different from
each other in both amplitude and phase relationship. In
the sum mode, maximum pattern amplitude occurs at
the center of array 11 while in the difference mode a null
exists at the array center and the apparent phase for
the two modes is displaced by 360° for a complete rota-
tion of the R.F. energy about the boresight axis.

As one moves away from the center of array 11, excited
in the difference mode, the amplitude and phase of the
energy are varied as a function of position. The manner
in which amplitude varies as a function of distance from
the center of the radiator is seen by assuming that energy
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is focused at point 41 that is a finite distance from array
center and lies along a line equidistant between the
downwardly directed vector and the vector extending to
the right. Because point 41 is closer to the downwardly
and rightwardly directed vectors than to the upwardly
and leftwardly directed vectors, the former two vectors
provide a greater contribution to the amplitude of the
energy at point 41 than the latter two. In consequence,
there is a finite difference between the upwardly and
downwardly directed vectors and the rightwardly and
leftwardly directed vectors. These finite orthogonal vec-
tor components are also of equal amplitude because
point 41 lies along the bisector between the downwardly
and rightwardly directed vectors. In comsequence, the
vector amplitude and phase is related to the position of
the energy focussed at point 41.

In the manner described, it is believed evident that
the focussing of energy by parabolic reflector 12 onto a
point of radiator array 11 will cause a signal of variable
amplitude and phase to be derived at difference mode
port 19, depending upon the position at which the energy
is focussed on the radiator array. In fact, it has been
found that the phase of the voltage deriving from differ-
ence port 19 relative to the phase of the voltage at sum-
mation port 18 is a straight line function, as indicated
by FIGURE 8, for any angle about the boresight axis
of the antenna system comprising radiator array 1% and
parabolic reflector 12.

In the plot of FIGURE 8, the designation angle about
boresight is correlated with the angle relative to an
imaginary line drawn from the center of the array,
FIGURE 2, through the innermost terminal of spiral
33, which is connected to terminal 14. Angles proceed
from this imaginary line in a counterclockwise direction
so that, for example, energy received along the hori-
zontal line defined by the center of the array, and the
innermost terminal of spiral 34, connected to port 15,
is displaced in phase by 90° from energy received along
the previously mentioned vertically extending imaginary
line.

The relative amplitudes of the sum and difference mode
patterns of the energy derived from radiator array 11,
through any angle about the center of the array, are illus-
trated in FIGURE 6. From FIGURE 6, it is noted that
the sum mode has a maximum along the antenna bore-
sight axis, i.e., the center of radiator array 11, while the
difference mode pattern has a minimum at the boresight
axis. It is also noted that the maximum response of the
sum pattern is greater than either peak of the symmetri-
cal difference patterns and that nulls in both patterns
occur at an angle relative to the boresight axis. In FIG-
URE 6, it is to be understood that angle relative to the
boresight axis is different from angle about the bore-
sight axis, referred to in conjunction with FIGURE 8.
Angle relative to boresight axis refers to the angle dis-
placed from the boresight axis through the plane in which
the axis is located, as indicated by the lines designated
as §=0 and 6=6,, FIGURE 6a.

While the sum and difference mode patterns have nulls
at approximately the same angle relative to the boresight
axis, the radiating diameter of the sum mode is ¥4 that
of the difference mode, 2\/=. The difference in diameter
of the sum and difference modes is indicated by dashed
lines 42 and 43, respectively, FIGURE 2. Because of the
difference in radiating diameters of the sum and difference
modes, the patterns of these modes have different diam-
eters when the entire antenna, including parabolic re-
flector 12, is considered. As FIGURE 7, which shows
plots of the relative amplitudes of the sum and difference
mode patterns for the entire antenna system, indicates,
the difference mode maximum is displaced from the sum
mode by an angle of 8.

The hybrid network 17 for establishing the sum and
difference mode patterns produced by array 11 is illus-
trated in FIGURE 9. The circuit of FIGURE 9 comprises
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- four 3 db hybrids 51-54 and three —90° phase shifters
for the frequency of transmitter 21, which phase shifters
are denominated as 55-57. Hybrids 51-54 and phase
shifters 55-57 are connected between sum and difference
ports 18 and 19 and ports 13—16 to which the spiral radia-
tors are conmected to provide the phase relationship for
the sum and difference mode excitation of the four spiral
radiators.

Each of hybrids 51-54 is of the bilateral type, having
four ports 61-64, as indicated in FIGURE 10. Energy
coupled to port 61 can be fed only to ports 62 and 63
and is decoupled from port 64. Similarly, energy fed to
port 64 is propagated only to ports 62 and 63, the latter
ports being isolated from each other when energy is
applied thereto. The 3 db hybrid is constructed so that
energy coupled into port 61 suffers 90° phase delay and
3 db attenuation in propagating to port 62, but undergoes
0° phase shift and 3 db attenuation in propagating to
port 63. The opposite relationship holds in response to
energy coupled into port 64. Generalizing, it is seen that
energy coupled to an input port is propagated to the
output port diagonally opposite from the input port with
0° phase shift, but is passed to an adjacent but non-iso-
lated port with —90° phase shift.

Referring now again to FIGURE 9, sum excitation port
18 is connected to port 65 of hybrid 54 while port 66,
which is isolated from port 65, is connected to ground
through matching resistor 67. The port 68 of hybrid 54
having an orthogonal output relative to port 65 is con-
nected to port 69 of hybrid 52. Port 71 of hybrid 54 which
is opposite to port 65 is connected to port 72 of hybrid
51 through a direct connection. The diagonal ports 73
and 74 of hybrids 51 and 52 relative to ports 72 and 69
are connected directly to terminals 15 and 16 that feed
the spirals 34 and 35 of radiator array 11. In contrast,
the adjacent ports 75 and 76 of hybrids 51 and 52 relative
to input ports 72 and 69 thereof are connected through
—90° phase shifters 56 and 57 to terminals 14 and 13.

In response to excitation of sum port 18, the relative
phases of the voltages at ports 13-16 are displaced in
phase by 90°. This relationship is attained in the follow-
ing manner: The energy at sum port 18 undergoes a phase
shift of —20° as it propagates between the adjacent ports
of hybrids 52 and 54 and is delayed a further —90° as
it propagates from port 76 to terminal 13, as a result of
phase shifter 87. In consequence, the voltage at terminal
13 can be considered as having a phase of —270° or
—3x#/2 radians. In propagating to terminal 14, the energy
at port 18 undergoes zero phase shift in traversing the
path through hybrid 54 between the diagonal ports 65 and
71 thereof. Propagating through hybrid 51 between the
adjacent ports 72 and 75, the energy from sum port 18
undergoes a phase shift of —90°. As the energy from
port 75 propagates to terminal 14 it passes through phase
shifter 56 where it undergoes a further —90° phase shift,
resulting in a total phase shift of —180°. The energy at
terminal 18 propagates to terminal 15 via the path be-
tween the adjacent ports 65 and 68 of hybrid 54, hence
suffers a 90° phase delay in propagating through hybrid
84, No further phase shift occurs in propagation of
energy between port 68 and terminal 15, whereby energy
arriving at terminal 15 from sum port 18 has a phase
of —90°, Because sum port 18 and port 1§ are connected
to each other only through the diagonal ports of hybrids
51 and 54, no phase shift occurs in the propagation of
energy through this path. It is thus seen that the relative
phases of the energy at terminals 13, 14, 15 and 16, is
at any instant 0, #/2, =, and 3#/2 radians.

Difference mode port 19 is connected to port 81 of
hybrid 53 and is isolated from port 82 thereof, which is
connected via a matching resistor 83 to ground. The port
of hybrid 53 adjacent to port 81 is connected through
—90° phase shifter 55 to port 85 of hybrid 51 while the
diagonal port of hybrid 53 is connected to port 87 of
hybrid 52. The connections described and illustrated cause
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ports 13, 14, 15 and 16 to be excited with voltages having
phase relations of 0, =, 0 and = radians, respectively, in
the following manner:

Difference mode port 19 excitation is coupled to termi-
nal 13 with a phase shift of —90°, there being no phase
shift through the paths comprised by the diagonal ports
of hybrids 52 and 53. There is a —270° phase shift in
the energy propagated between terminals 19 and 14 due
to the phase delay between the adjacent ports 81 and 84
of hybrid 53 and phase shifters 55 and 56, with no phase
delay through the diagonal ports 85 and 76 of hybrid 51.
Energy propagated between difference mode port 12 and
terminal 15 is phase shifted by —90° as it travels between
ports 87 and 74 of hybrid 52, while no phase delay occurs
within hybrid 53. Energy coupled to port 16 from port
19 undergoes two —90° phase shifts between the adja-
cent ports of hybrids 51 and 53 and suffers a further 90°
phase lag in propagating through phase shifter 55. In
consequence, there is a total of —270° phase shift in
transmitting energy beiween ports 19 and 16. Because
ports 14 and 16 both have a relative phase of —270°
or —3x/2 radians and there is a —90° phase shift in the
propagation of energy between port 19 and ports 13 and
15, it is seen that adjacent terminals 13-16, which are
connected to adjacent spirals 32-35, FIGURE 2, are
excited with voltages having relative phase displacements
of 180°.

It is to be noted that the attenuation between either
port 18 or port 19 and any of radiator excitation ports
13-16 is the same, 6 db. The 6 db attenuation between
each of the stated ports occurs because two 3 db hybrids
are interposed in each path between ports. Since the fixed
90° phase shifters can be assumed to introduce substan-
tially zero attenuation, the relative amplitudes of the sig-
nals at ports 13-16 are the same for energization of sum
or difference port 18 or 19.

It is to be understood that while the foregoing dis-
cussion has been directed to excitation of sum and dif-
ference ports 18 and 19, as if the system were in the
transmit mode, the same patterns and operations occur
in response to received signals because of the well-known
theory of antenna and bilateral network reciprocity.

The angle at which a target can be determined relative
to the boresight axis of the antenna comprising four arm
spiral radiator array 11 and parabolic reflector 12 can be
increased, theoretically, to twice the angle of the differ-
ence mode. To increase the acquisition angle of the anten-
na, ports 13, 14, 15 and 16 are excited with voltages hav-
ing relative phases of 0, —x/2, —=, and —3=/2, radians.
Such a pattern can be obtained by connecting port 66 of
hybrid 54, FIGURE 9, to an amplitude detector through
an LF. stage, rather than through a matched impedance
to ground.

Exciting ports 13-16 of spiral radiator array 11 with
voltages displaced in phase by 0, —x/2, —x, and —3#x/2
radians, respectively, results in a difference mode prop-
agation having a radiation band of 3\/x. Because the
energy is radiated from spiral array 11 at a larger radial
distance from the boresight axis than radiation in either
the sum or difference modes previously discussed, the far
field maximum of the entire antenna system, including
parabolic reflector 12, is displaced at a greater angle from
the boresight axis than in the other two cases. Because
there is a greater separation, however, between the radiat-
ing points on the circle having a diameter of 3\/x, the
maximum amplitude of the pattern is less than for the
sum and previously discussed difference modes.

Unfortunately, experiments conducted with four arm
spirals excited to have a radiating diameter of 3\/= have
not proven particularly satisfactory. It has been found that
the difference mode having a radiation diameter of 3\/x
does not have a null along the boresight axis so that
erroneous indications of a target being in the region cov-
ered by the pattern are derived. Another deleterious effect
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observed is that energy is inefficiently coupled to the mode
having a radiating diameter of 3\/=.

It has been discovered that target acquisition at greater
angles off the boresight axis can be obtained by increasing

i2

nals deriving from mixers 2133-137, have patterns re-
moved from the boresight angles by progressively larger
angles. Energy in any of the modes associated with ports
113-117 is detected by connecting the I.F. amplifiers of

the number of spirals beyond four. In one particular em- 5 bank 138 to separate phase detectors 153-157 and 153'—
bodiment, FIGURE 12, eight frequency independent equi- 157, respectively, responsive to the outputs of mixers
angular spiral conducting filaments 8§1-88 are provided, 133-137. Phase detectors 153-157 are also responsive
each spiral having its innermost end equally spaced about to the output of the adjacent, but lower order, difference
the circumference of a circle having its center coincident mode LF. amplifier, e.g., second difference mode phase
with the center of the array. Spiral filaments 81-88 com- 13 detector 153 compares the phases of the first and second
prising the eight arm array are mounted on a quarter difference mode signals. In contrast, phase detectors 153'—
wavelength conducting activity, in a manner precisely the 157" are responsive directly to the outputs of the adjacent
same as the four arm spiral radiator, FIGURE 3. The higher order difference mode LF. amplifier but are fed
eight arm spiral array, however, has a diameter of 8\/m, by their mixers through 90° phase shifters 158; so that,
to enable radiation to be derived from greater radii than 15 for example, detector 153’ responds directly to the A;
the four arm spiral. Increasing the diameter of the radia- mode signal but the A, mode signal fed thereto is 90°
tors in excess of 8\/x serves no useful purpose, as radia- phase shifted.
tion from beyond the radii stated does not occur to any The output signals of phase detectors 153-157 are
substantial effect. Such radiation is cancelled because the utilized to indicate the approximate angle location of a
vector sum of the currents for the various modes described 20 target about the boresight axis, whereby the boresight
effectively cancel over a finite area, axis of the antenna array comprising radiators 89 and
The eight arm spiral radiator array 89 of FIGURE 12 parabolic reflector 91 can be directed generally toward
is connected in a radar receiver network as illustrated by the target. The amplitude of the phase detector output
FIGURE 11. The center of radiator array 89 is mounted indicates the angle about the boresight axis where the
at the focal point of parabolic reflector 91. Energy 25 target is located. The fact that a voltage is derived from
deriving from array 89 is directed toward reflector 91 a particular one of phase detectors 153157 indicates the
and the combined antenna system generates a multiplicity approximate angle off the boresight where the target is
of different radiation patterns, depending upon the excita- located. The quadrant where the target is located is
tion mode of radiator array 89. derived by utilizing the additional phase detectors 153’,
Radiator array 89 is excited to seven different radiation 30 154, 155, 156" and 157" for each of the higher order
modes by hybrid network 92. Hybrid network 92 includes modes. Each phase detector is responsive to the signal
a first set of eight terminals or ports 101-108 that are from the adjacently numbered lower difference mode and
respectively connected to the innermost terminals of the difference mode signal for which the quadrant infor-
spirals 81-88. Hybrid network 92 connects ports 101-108 __ mation is being derived, after it has been changed in
to an additional set of seven ports 111-117. Port 111, 35 phase 90° by phase shifters 158.
for exciting the sum mode of radiator array 89, is con- Of course, once the boresight axis of parabolic reflector
nected through TR switch 121 to transmitter 122. The 91 is directed in the same general direction as the target,
sum mode port 111 is also connected through TR switch the signals derived from phase detectors 141 and 142 pro-
121 to mixer 123 that is excited by local oscillator 124. vide the relative elevation and azimuth location of the
Local oscillator 124 also drives each of mixers 132-137, 40 target to the boresight axis.
respectively, respomsive to the difference mode signals To derive sum and difference mode patterns enabling
derived from ports 112-117, respectively. The difference elevation and azimuth information to be derived, as well
frequency generated by each of mixers 123 and 132-137 as the acquisition information generated by detectors
is supplied to a different onme of the amplifiers in LF. _ 153-157 from the eight arm spiral radiator 89, the eight
amplifier bank 138. 45 spirals are energized at their innermost points with equal
The amplified LF. signal corresponding with the sum amplitude voltages having the phases indicated by Table 1.
TABLE IL—PHASE EXCITATION
Pattern | 81 82 83 84 85 86 87 88 | Radiating
Deseription Diameter
Sum.____._.. 0 /4 w2 /4 T bw/4 6m/d Twf4 Nw
Al 0 /2 T 3x/2 0 2 r 3w /2 N7
DG caan 0 3w/4 6m/4 af4 T T4 w2 5w/4 3\/w
As. - 0 w 0 T 0 g 0 T IANE
Ag . 0| —3=/4 | 6/ | —w/d| —w | ~Tn/d | —~=/2 | —5x/d 5Nw
As. . 0 —arf2 g | ~3x/2 -0 —~xf2 —a | —3%/2 [oNE
As_ . 0| —x/4 —xf2 | —3x/4 —a | ~5wfd | —Bx/d | =Tx/4 ™=

mode signal, the signal derived from port 111, is sup-
plied in parallel to phase detectors 141 and 142. The
amplified LF. signal corresponding with the first differ-
ence mode response, the signal deriving from port 112,
is applied directly from the amplifier bank 138 to phase
detector 142 but undergoes a 90° phase shift in phase
shifter 143 prior to being applied to the input of phase
detector 141. Phase detectors 141 and 142 derive D.C.
output signals indicative of the elevation and azimuth posi-
tion of a target being tracked relative to the boresight
angle of reflector 91.

If the target being tracked is removed from the bore-
sight axis of reflector 91 sufficiently to prevent a target
indication from being derived from the sum and first
difference mode ports 111 and 112, the LF. signals de-
rived from mixers 133-137 are utilized to provide a
target indication. As is seen infra, the signals derived
from ports 113-117, which are translated into LF. sig-
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Interpreting Table I by way of a plurality of examples,
the sum mode pattern is derived by feeding equal ampli-
tude voltages that are displaced from each other by 45°
or w/4 radians to adjacent input terminals of spirals
81-88. Hence, the voltage supplied to the input terminal,
at the innermost point of spiral 81, has zero phase while
the voltage supplied to spiral 82 has a phase of =/4
radians. It is seen that if an instant of time is chosen
whereby a voltage e is applied to spiral 81, a voltage of
0.707¢ is applied to spiral 82, and zero voltage is applied
to spiral 83. For the remainder of spirals 84, 85, 86, 87
and 88, the voltages applied to them at the instant being
considered are respectively —0.707¢, —e, —0.707¢, 0O,
+4-0.707e. Hence, the phase relationships of the currents
supplied to the eight arm spiral, at any instant of time,
are similar to those supplied to the four arm spiral of
FIGURE 2, when it is excited in the sum mode.

Because of the relative phases of the voltages applied
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to spirals 81-88, when they are excited to the sum mode,
all of the electric field vectors are directed in the same
direction at any time instant. The maximum energy is
coincident with the center of array 89 and falls off rather
rapidly so that the effective sum mode radiating diameter
is M w. At radii farther removed than A\/2x from the
center of array 89, the phases of the currents in the sum
mode are such that substantial electric field cancellation
occurs and the amount of energy transmitted can be
ignored. As the energy applied to spirals 81-88 goes
through a complete cycle, the electric field direction is
rotated correspondingly so that the emitted radiation is
circularly polarized. In consequence, the sum mode is
rotated once about the boresight axis for each cycle of
radiation applied to spiral filaments 81-88.

The first difference mode, A;, utilized for deriving the
azimuth and elevation information is obtained by supply-
ing adjacent ones of spirals 81-88 with voltages displaced
in phase by +90°. Hence, at an instant of time when
the voltage applied to spiral 81 has a maximum value,
E,, zero voltage is applied to spiral 82 and —E, is
applied to spiral 83. Continuing for spirals 84, 85, 86, 87
and 88, the voltages applied thereto are respectively, 0,
E., 0, —E, and 0. The similarity between the instanta-
neous currents supplied to the four arm spiral of FIGURE
2, for the difference mode, Ay, thereof is to be noted.

In the eight arm spiral of FIGURE 12, for the instant
being considered, no current is supplied to spirals 82, 84,
86 and 88, while maximum currents are supplied to spirals
81 and 85 and maximum negative currents are supplied
to spirals 83 and 87. This is precisely the same relation-
ship that occurs with the four arm spiral of FIGURE 2
when maximum current is supplied to spiral 33. By
analogy, it is seen that the instantaneous electric field
at the aperture of the eight arm spiral of FIGURE 12
is the same as illustrated by FIGURE 4 for the four arm
spiral. In consequence, excitation of eight arm spiral array
89 in accordance with the A, phase excitation pattern re-
sults in the derivation of phase information indicative of
the target elevation and azimuth.

At any instant of time, radiation is derived from two
sets of opposite points of array 89 in response to excita-
tion in the A; mode. A substantial null exists along the
boresight axis since the vector sum of the electric fields
at that point is zero at any instant of time. As the energy
applied to spirals 81-88 goes through a cycle, the four
centers of radiation rotate. Because there are four radia-
tion centers, as opposed to two for the sum mode, the
phase of the first difference effectively goes through 720°
while the phase of the sum mode pattern goes through
360°.

As in the case of the four arm spiral, the A; mode of
eight arm array 89 has an effective radiation diameter of
27/m. At radial points greater than A/w, the phases of
the A; mode excitation currents produce electric fields
that effectively cancel each other to preclude substantial
radiation.

It is believed from the descriptions of the manner in
which eight arm spiral array 89 derives the sum and first
difference (A;) modes, that the manner in which the sec-
ond and third difference modes (A, and Aj, respectively)
are obtained is obvious by considering Table I. It is noted
from Table I that the effective radiating diameter of
energy in the second and third difference modes is effec-
tively 3N/7 and 4N/=, whereby the acquisition angle for
targets off the boresight axis is linearly increased from
one mode to the next, when the antenna is used as feed to
reflector 91.

It is noted from table that the fourth, fifth and sixih
difference modes are derived by supplying spirals 81-88
with energy having phases merely reversed from the
phases utilized to derive the second difference, first dif-
ference and sum modes. At first glance, it would seem
that merely reversing the phase of the energy applied to
spirals 81-88 would reverse the polarization direction of
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the energy derived from the array. With spiral antennas,
however, the polarization direction of the energy derived
is governed by the direction in which the wave is propa-
gated along the transmission lines comprising the various
spiral elements. Thus, patterns of opposite polarizations
from those obtained by excitation of the innermost ends
of spirals 81-88 are obtained frcm the same spirals only
by exciting the outer ends thereof. The phase with which
energy is applied to the input terminals of the spiral array
has no control over the direction of polarization. Hence,
exciting the innermost ends of spirals 81-88 with energy
reversed in phase from another excitation pattern causes
a different mode to be derived. In particular, the phase
relationship indicated by Table I for A4 causes array 89
to exhibit a radiating diameter of 5A/w.

The relative amplitudes of the various modes as emitted
from array 89 and from the total antenna comprising the
array and parabolic reflector 91 are seen from FIGURES
13 and 15, respectively. From FIGURE 13, it is noted that
the relative amplitude of each of the higher order modes
is less than the preceding mode and that the maximum
pattern amplitude of each higher order mode is displaced
at a greater angle from the boresight axis than the preced-
ing mode. It is also noted from FIGURE 13 that the null
of each of the modes occurs at the same angle relative to
the boresight as the energy emitted from the spiral radia-
tor. The peak amplitudes of the various modes are, how-
ever, translated to cover progressively larger angles from
the boresight axis after reflection from parabolic reflector
91, as indicated by the total antenna response curve of
FIGURE 15.

Because the several modes are circularly polarized,
each of the patterns illustrated in FIGURE 15 is rotated
constantly about the boresight axis. The relative rate at
which the different modes rotate about the boresight axis
is different, however, for each mode. As indicated, supra,
at any instant of time there are one and two patterns
derived for the sum and A; modes, respectively. Ex-
tending the analogy further, it is seen that at any instant
of time there are 3, 4, 5, 6, 7 maximums for the Ay, A,
A4, As and Ag modes, respectively. Each of the higher
order mode patterns effectively changes in phase at a
rate relative to the sum mode that is directly proportional
to the ratios of the radiating diameters. This relation-
ship is illustrated in FIGURE 14, wherein seven straight
lines, one for each of the sum and six difference modes,
are illustrated.

Excitation of terminals 101-108, connected to the termi-
nals of spirals 81-88, respectively, with the seven differ-
ent modes illustrated by Table I is accomplished by uti-
lizing the twelve hybrid network of FIGURE 16. Each
of the twelve hybrids of FIGURE 16 is of the same type
illustrated and described supra, in conjunction with FIG-
URE 10. The arrangement of hybrid network 92 is sym-
metrical with each terminal of every hybrid, except one
terminal of hybrid 161, connected to one of the excita-
tion ports. The single mentioned terminal of hybrid 163
is connected to ground through matched resistive im-
pedance 162.

Excitation of ports 101-188 in response to the sum
signal applied to port 111 is initially between the diagonal
ports of hybrid 163. From the port diagonally opposite
from the summation port 111 of hybrid 163, energy
propagates through +-45° phase shifter 164, the diagonal
path through 3 db hybrid 165 and the adjacent port
of hybrid 166 to —90° phase shifter 167 to port 161.
It is thus seen that energy propagating between ports
111 and 101 suffers a 135° phase delay.

Energy is coupled from port 111 to port 165 by sub-
stantially the same path as indicated for the propagation
of energy between diagonally opposite ports of hybrid
166. In consequence, the energy coupled between ports
1311 and 105 undergoes a phase shift of +-45°, whereby
the energy at port 165 is advanced 180° relative to the
energy generated at port 101,
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Energy from summation mode input port 111 also
propagates through the diagonal of hybrid 163 and phase
shifter 164 in travelling to poris 183 and 167. In propagat-
ing to the latter two ports, however, the summation mode
energy undergoes a —90° phase shift in hybrid 165 and an
additional —90° phase shift in phase shifter 168. The
summation mode energy derived from -—90° phase shifter
168 is split into two segments by hybrid 169, half being
coupled to port 163 through the diagonal coupling, after
having passed through -}-90° phase shifter 171. The re-
maining summation mode energy applied to hybrid 169
is retarded in phase by 90° as it passes between the ad-
jacent ports of the hybrid, from which it is coupled to
port 167.

Tracing the propagation paths between terminals 111
and 167 it is seen that a phase retardation of 5«/4 radians
occurs while a phase retardation of =/4 radians occurs
between terminals 111 and 103. In consequence, the en-
ergy deriving from ports 103 and 107 is advanced by
#/2 and 67/4 radians relative to that at port 1901,

Port 115 which excites the A, mode, excites ports 101,
103, 165 and 107 in substantially the same manner as
they are excited by the summation mode applied to port
111. The difference in excitation paths is only through
hybrid 163, wherein the summation mode is coupled be-
tween diagonal arms while the A, difference mode is
coupled between adjacent ports. In consequence the A4
mode energy arriving at ports 161, 103, 165 and 107 is
merely phase shifted by —90° relative to sum mode ex-
citation.

Sum and A, mode ports 111 and 115 also excite ports
162, 104, 106 and 108 through substantially the same
path, the only difference again being that the former
undergoes a —90° phase shift in propagating through hy-
brid 183 while the latter does not. The propagation path
between hybrid 163 and terminals 162 and 106 is initially
through the diagonal ports of hybrid 172. From hybrid
172, the summation and A4 energy propagates to terminal
102 via the diagonal ports of hybrid 173. The sum and
A, modes propagate to terminal 106 from hybrid 172
through the adjacent ports of hybrid 173 and —90° phase
shifter 174. It is thus seen that the A, excitation mode
propagates between ports 115 and 162 with zero phase
shift while the summation mode propagates between these
ports with a phase delay of 90°. The phase delay between
ports 115 and 106 is —180° while between ports 1il
and 166 it is —270°.

The sum and A4 mode energy from hybrid 163 is also
coupled through the adjacent ports of hybrid 172 to
ports 104 and 168. The coupling of energy from hybrid
172 to port 164 is via the adjacent ports of hybrid 17§
and —90° phase shifter 176 so that a —180° phase shift
is introduced. In contrast, the coupling of energy between
hybrid 172 and terminal 108 is through the zero phase
shift path between the opposite or diagonal ports of hy-
brid 175.

The propagation paths for the A; and As; modes from
terminals 112 and 116, respectively, to terminals 101108
are substantially the same, except for the initial energy
flow through hybrid 177. Ports 112 and 116, respectively
exciting the A, and Az modes are connected to the decou-
pled ports of hybrid 177, whereby there is a 90° phase shift
between the propagating paths for these two modes. From
the port of hybrid 177 opposite port 112, the propagation
path to port 161 is via the adjacent ports of hybrid 178,
the diagonal ports of hybrid 166 and —90° phase shifter
167. Substantially the same path is followed to reach
port 105, except that propagation through hybrid 166 is
between the adjacent ports thereof.

The A; and A; mode energies applied to hybrid 178
that is not coupled through the adjacent ports of the
hybrid are coupled through the diagonal thereof to hy-
brid 169. At hybrid 169, the A, and Az energy is again
split into two parts, one of which propagates with zero
phase shift directly to terminal 197 and the other part
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propagating also with zero phase shift to terminal 103,
but through the —90° phase shift introduced between
the adjacent ports of hybrid 169 and the +90° phase
shifter 371.

The A, and A mode energy coupled to the port of
hybrid 177 adjacent to port 112 is fed through —90° fixed
phase shifter 179, and is coupled to hybrid 181. Half
of the energy fed to hybrid 181 by phase shifter 179
is fed to hybrid 175 where it is again split into two parts.
One part of the A; and As; mode energy supplied to hy-
brid 175 undergoes zero phase shift in propagating to the
hybrid and then is phase delayed by 90° in phase shifter
176 prior to reaching port 104. The other part of the
Ay and A; mode energy reaching hybrid 175 is also
delayed by 90°, but this energy is phase delayed by
the hybrid, from whence it is coupled to port 108.

The other half of the A; and A; mode energy fed to
hybrid 181 is phase shifted by —90° in propagating be-
tween adjacent ports of the hybrid and is phase shifted
again by —90° by phase shifter 182. The energy derived
from phase shifter 182 is coupled via the adjacent ports
of hybrid 173 to port 182 so that it undergoes an addi-
tional 90° phase lag, is fed between the diagonal ports
of hybrid 173 and on to port 186 via —90° phase shifter
174.

The propagation of energy for the Ay and Ag modes
between ports 113 and. 117 and ports 161-108 is now
considered. The Ay and Ag modes excite adjacent but iso-
lated ports of hybrid 183. The port of hybrid 183 oppo-
site from port 113 responds to the vector sum of the
A, and Ag energy propagated through the adjacent ports
of hybrid 165 and from the adjacent port thereof, travels
by the same path indicated supra for the sum and A,
mode energy to terminals 101 and 1€5. The remaining
Ay and Ag mode energy coupled to hybrid 165 propagates
to the diagonal port thereof. From the diagonal port of
hybrid 165, the A; and Ag energy propagates to terminals
103 and 107 via the same path described supra for the
sum and Ay energy.

The Ay and Ag energy combined as a vector sum at the
port of hybrid 183 adjacent to port 113 is imitially fed
through +45° phase shifter 184. From phase shifter 184,
the A; and Ag mode energy is fed through adjacent ports
of hybrid 172 to ports 102 and 106 via the same path
as energy from hybrid 163. The other half of the energy
supplied to hybrid 172 by phase shifter 184 is supplied
to ports 104 and 108 by the same path as the sum and
A4 energy coupled to these ports after propagating through
hybrid 172.

The A3 mode energy excites port 114, isolated from the
port of hybrid 161 to which matching resistor 162 is con-
nected. The A; mode energy propagates from the port of
hybrid 161 adjacent to port 114 to hybrid 181 where it
is split into two parts, one part being fed to hybrid 175
and the other being fed to phase shifter 182. The A
energy propagated through hybrid 181 by these two paths
takes the same path as indicated supra for the A; and A;
modes in propagating to terminals 162, 164, 106 and
108.

The A; energy exciting port 114 that is coupled through
hybrid 161 via the opposite ports thereof is fed to one
port of hybrid 378. At hybrid 178, the A3 mode energy
is split into two parts, half going directly to hybrid 166
with zero phase shift while the other half is phase shifted
—90° by hybrid 178 prior to being fed to hybrid 169.
From hybrids 166 to 169, the A; mode energy propagates
to terminals 101, 163, 105 and 167 by precisely the same
path as the A; and Az mode energies.

While the spiral radiator excitation has been de-
scribed in conjunction with four and eight arm spirals,
it is to be understood that the theory can be generalized
to include arrays having M equiangularly spirals having
equispaced terminal portions, where M is an integer in
excess of 3. The relationship between the phases of the
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excitation signals for the various modes is indicated by
Table 1II.

TABLE II

M
Interarm Phase Difference: 2/M, 4=z/M, ... (—2--1)211'/M,

M
Mode No. (n): o, 1, .. (7—-2), Mj2—1, MR,

M M
Phase Progression: 2w, 4, —2-—1 ) 2r, Mm, (?+1 ) 2,
Description: =, Ay .. AM-g, AM/fz-1, AM/o

An inspection of Table II indicates that there are M—1
modes, including the zero or sum mode, to which the
spiral radiator can be excited. It has been found impos-
sible to excite the radiator with a mode wherein the
phase supplied to each spiral is the same. The impossi-
bility occurs because excitation of all of the spiral ele-
ments with zero phase displacement causes a boresight
axis current to be derived of approximately the same
magnitude as the magnitude of the peak current at the
displaced radius, where it is expected that radiation should
occur. In consequence, in general it can be stated that a
spiral array having M elements can be excited with M-1
modes. Table II also indicates, under the heading of
“Phase Progression,” the linear relationship between the
number of revolutions per mode per revolution of energy
about the boresight axis of the antenna.

While the spiral antenna arrays described have many
desirable characteristics, they are unable to generate
simultaneously both types of circular polarization. For
many tracking situations, the target does not respond
equally to both polarizations, whereby it is desirable to
provide simultaneously patterns in both polarization di-
rections, and preferably both patterns are at the same fre-
quency. Because a system that emits circularly polarized
energy in the left direction is incapable of receiving en-
ergy polarized in the right direction, and vice versa, com-
plete isolation between the two polarization modes oc-
curs, enabling the same array to be utilized deriving both
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tors 293-296 is also governed by the well known log-
periodic relationship. Conductors 293-296 are arcuate,

M o
_<?-1 )2‘A'/M, T

.. (M-2)

.o (M—1)27

v AM-1

scanning an angle that is slightly less than 45°, Because
adjacent ones of conductors 193-196 are on opposite
siles of conductor 192 the arcuate conductors are con-
sidered as being interleaved with the arcuate conductors
of the adjacent log-periodic element.

By interleaving the conductors of the several log-pe-
riodic elements and arranging the several elements at equal
angles about the center of the array, sum and difference
mode patterns substantially like those of a spiral can be
derived. The log-periodic array of elements 181—188, how-
ever, can simultaneously derive oppositely polarized cir-
cular waves because each of the elements is inherently a
linear source of electromagnetic waves. In consequence,
the phase rotation direction of energy sequentially ap-
plied to the input terminals of elements 181188 deter-
mines the polarization direction of the circularly polarized
waves derived,

The planar array of FIGURE 17 is mounted in a
cavity having a quarter wavelength depth, as shown by
FIGURE 3. Each of the outer conductors of the several
coaxial cables connected to the excitation ports 291 of the
several log-periodic elements 281-288 is connected to the
conducting surface of the cavity at its back wall.

The radiator array of FIGURE 17 is excited with equal
amplitude waves as indicated by Table Il to derive left
and right circularly polarized patterns for the sum, first
difference (A;) and second difference (A;) or acquisition
modes, in accordance with Table IIL

TABLE III
Radiating
Pattern Polarization 1 2 3 4 5 6 7 8 Band
Dijameter
Circular Left____ 0! /4 wf2 34 5wf4 6w/4 Twfd PN
_| Circular Right._ 0| —nft } ~7f2 | =374 | —7 —brfd | —6n/d | —7x/d | N7
_| Circular Left____ 0| #/2 T 3r/2 0 /2 ks 3w /2 I\
Cireular Right. - 0| —=/2 | —= —3x/2{ 0 —7/2 | -7 —3xf2 | Mfm
1st Acqg-___| Circular Yeft____ 0| 3nf4 3r/2 /4 T Tx/d /2 5wfd 3\
1st Acq.-...| Circular Right_. 0| —3a/4 | —8xf2 | —w/d | —= —nfd | —wf2 | —5xfd | B\/w

polarizations. The principles of the present invention can
be extended to derive circularly polarized energy in both
directions by utilizing the antenna array of FIGURE 17
as radiator array 89, FIGURE 11.

The array of FIGURE 17 comprises eight frequency
independent log-periodic elements 281-288 having excita-
tion terminals equally spaced about a circle having its
center coincident with the center of the array. Since each
of the log-periodic elements 281288 has the same con-
figuration, a description of element 281 suffices for each
of the remaining elements.

Port 291 of log-periodic element 281 is excited by the
center conductor of the coaxial cable coupling energy
from one of the ports of a hybrid network to the array.
Excitation port 291 is connected to conductor 292 that
extends radially outward from the center of the array
to a point approximately 2.2\ removed from the center
point of the array.

Spaced along and connected to conductor 292, on al-
ternate sides thereof, are unipole, open-circuited con-
ductors 293, 294, 295, and 296. Conductors 293-296 are
spaced along conductor 292 in accordance with the well
known log-periodic relationship. The length of conduc-
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It is noted from Table III that the sum mode pattern for
left circular polarization is derived by exciting the log-
periodic array with voltages having precisely the same
phase relationship as required for deriving the sum mode
of the spiral array of FIGURE 12. It is also noted that
the radiation band diameter for the left circular polariza-
tion sum mode is A/#, the same as for the spiral array.
The radiation band diameter is confined to \/= because of
the interleaving effect of the unipole conductors 193-196
on the several log-periodic elements 181-188. If the con-
ductors or radiators 193-196 were not interleaved, radia-
tion from each log-periodic element would occur at a
distance of A/x from the center of the radiator, rather
than being confined to a radius of A\/2#. The mutual cou-
pling, however, between the unipole radiators 193-196
of each log-periodic element causes cancellation of radia-
tion at the greater distances from the center of the array,
to simulate the spiral effect,

Another observation from Table III is that the sum
mode for energy polarized in the right circular direction
is derived merely by reversing the phase of the energy ap-
plied to log-periodic elements 181-188 from the phase
relationship that caused the left circular polarization sum
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mode to be derived. An inspection of Table III for the
difference and acquisition modes, A; and A,, respectively,
indicates that the same reversed phase relationship is
utilized for deriving the left and right circular polariza-
tions of each mode. It is also noted from Table III that
the first difference mode, which is utilized for deriving
azimuth and elevation error signals for the left circular
polarization, has exactly the same phase excitation rela-
tionship as the phase excitation for deriving the A; mode
from the spiral, In addition, the radiating band diameters
for the Ay modes are 2\/w for both the log-periodic and
spiral arrays. These similarities are to be expected since
the interleaved log-periodic array of FIGURE 7 closely
simulates the eight arm spiral of FIGURE 12. It is also
noted from Table III that the first acquisition mode, Ay,
for left circular polarization is derived by exciting log-pe-
riodic elements 281-288 with the same phase relationship
as excites the spiral array of FIGURE 12 for the A, mode.

Excitation of the log-periodic array of FIGURE 17 in
accordance with Table I results in patterns from the array
having the same relative amplitudes as indicated by FIG-
URE 13 for the sum, first difference and first acquisition
modes, 2, Ay, and Ay, respectively. Because the sum, first
difference and first acquisition mode amplitudes derived
from the log-periodic array are like the corresponding am-
plitude patterns from the spiral array, the antenna system
pattern, including the parasitic parabolic reflector, is the
same as shown for the Z, A; and A, patterns of FIG-
URE 15.

The phase relationships between the several modes de-
rived from the log-periodic array are the same as for the
circular array when considering the sum, first and second
difference modes of left-hand circular polarization. For
the circularly polarized modes in the right direction, how-
ever, the relative phase is negative at any angle about the
boresight relative to the left hand circularly polarized
modes, This fact should be evident since the left-hand cir-
cularly polarized wave is derived by sequentially activat-
ing log-periodic elements 81, 82, 83, etc., with the same
phase, while the right circularly polarized modes are de-
rived by successively energizing elements 81, 88, 87, etc.

To excite the log-periodic array of FIGURE 17 in ac-
cordance with the relative phase distribution indicated by
Table I, a hybrid network having the same configura-
tion as the hybrid for exciting the eight arm spiral, FIG-
URE 16, is utilized. When the hybrid network of FIG-
URE 16 is utilized to excite the log-periodic array of
FIGURE 17, however, the A; excitation port 114 is con-
nected to a matching resistor through ground. The ports
for exciting the spiral array to the =, A; and Ag modes are
utilized for exciting the log-periodic array to the same
modes for left circular polarization. To excite the log-pe-
riodic array to the =, Ay and A; modes for right circular
polarization, ports 117, 116 and 115, respectively, are
energized.

The antenna array of FIGURE 17 is utilized for track-
ing with oppositely polarized circular modes, by employ-
ing it in a system such as illustrated by FIGURE 19. Log-
periodic array 280 is positioned with its center at the focal
point of parabolic reflector 297. The input terminals 291
of parabolic elements 281-288 are respectively connected
to ports 101-108 of hybrid network 298. Ports 111-113
of the hybrid network 298 are utilized for exciting the
log-periodic array 280 to the left circular polarization
modes, while ports 115-117 excite the array into the three
right-hand circular polarization modes.

Ports 111 and 117 for respectively exciting the sum
circular left and sum circular right modes are connected to
TR boxes 301 and 302, respectively. TR boxes 301 and
302 are responsive to pulses of microwave energy derived
from transmitters 303 and 304, respectively. In some in-
stances, transmitters 303 and 304 are a single unit that
simultaneously supplies pulses to TR boxes 301 and 362.

The six sum and difference mode signals are supplied to
a different one of the mixers in mixer bank 305. All of the
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mixers in bank 305 are driven in parallel by the output of
local oscillator 306, whereby six separate LF. signals are
derived indicative of the phase and amplitude of the energy
derived from each of the modes. Each of the six LF. sig-
nals is supplied to a separate one of the LF. amplifiers in
amplifier bank 307.

The amplified LF, left-hand circular polarization sum
mode is applied in parallel to phase detectors 3¢8 and
309, while the left circular polarization A; mode is ap-
plied to these detectors with a relative phase shift of 90°,
introduced by phase shifter 311. Thereby, elevation and
azimuth information relative to the boresight axis of the
antenna system comprising reflector 297 and array 280
is derived for a target that responds to the left-hand cir-
cular polarization modes. An indication of a target that
responds considerably to the left-hand circular polariza-
tion energy, but which is outside of the normal acquisi-
tion angle thereof, is derived by supplying the LF. signal
indicative of the circular left polarization A, mode to
phase detectors 312 and 312’, the former also respond-
ing to the L.F. signal indicative of the left circular polari-
zation A; mode, Phase detector 312’ is responsive to the
left circular polarization A, mode energy after the LF.
signal has been phase shifted 90° by phase changer 317.
The outputs of phase detectors 312 and 312’ thereby
derive an indication of the angle about the boresight axis
of where a target that responds to the left circular polari-
zation energy is located. Both phase detectors, which de-
rive positive and negative voltages, are needed to deter-
mine the quadrant where the target is positioned.

In a similar manner to that described for targets re-
sponding considerably to the left circular polarization
modes, phase detectors 313 and 314, together with 90°
phase shifter 315 derive elevation and azimuth informa-
tion for targets that respond to the right-hand circular
polarization modes. Phase shifter 315, however, is inter-
connected slightly different for the right-hand circular
polarization modes because of the negative phase rela-
tionship indicated by FIGURE 18. In consequence, the
right circular polarization sum mode signal is shifted in
phase 90° prior to being fed to phase detector 314, from
which the azimuth indication is derived, while the first
difference mode signal for right-hand circular polariza-
tion is fed in parallel to detectors 313 and 314. To derive
acquisition information from the right-hand circular po-
larization A, mode, phase detectors 316 and 316’ are
connected to the outputs of the L.F. amplifiers responsive
to the energy at ports 115 and 116, the latter phase de-
tector being connected through phase shifter 318 to be
responsive to the right circular polarization A; mode LF.
signal.

While there has been described and illustrated several
specific embodiments of the invention, it will be clear that
variations in the details of the embodiment specifically
illustrated and described may be made without departing
from the true spirit and scope of the invention as defined
in the appended claims. For example, the log-periodic
array of FIGURE 17 can include a plurality of inter-
leaved log-periodic elements equi-spaced about the center
of the array. The array must include, however, at least
five log-periodic elements 10 provide the proper response
and output signals. A log-periodic array having N ele-
ments is fed by a hybrid network that is excited with sig-
nals at (N-2) or the even integer one greater than (N-2)
ports. This relationship is seen from FIGURE 19 where
N=8 and six input excitation ports 111, 112, 113, 115,
116 and 117 are provided. In an array of five log-periodic
elements, for example, four input excitation ports are
included.

I claim:

1. A monopulse tracking system comprising an antenna
array deriving circularly polarized pafterns, said array
including at least four frequency independent radiators,
means exciting said radiators to derive simultaneously
sum and first difference mode patterns, said exciting means
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including separate ports for said sum and first difference
modes, the first difference mode port deriving a signal
having two orthogonal phase components, means for com-
paring one of the phase components of the signal deriving
from the first difference mode port with the phase of the
signal deriving from the sum mode port, and means for
comparing the other phase component of the signal deriv-
ing from said first difference mode port with the phase
of the signal deriving from the sum mode port.

2. The tracking system of claim 1 wherein said excit-
ing means includes a microwave network of power di-
viders and phase shifters, said network being arranged
so that excitation of said array with said sum mode
causes a signal to be derived only from said sum mode
port and excitation of said array with said difference
mode causes a signal to be derived only from said differ-
ence mode port,

3. The tracking system of claim I wherein the radiators
of said array are conducting elements extending outwardly
from a common center about which said elements are equi-
spaced.

4. The tracking system of claim 3 wherein said excit-
ing means includes a microwave network of four hybrids
and three 90° phase shifters, said hybrids and phase
shifters being arranged so that excitation of said array
with said sum mode causes a signal to be derived only
from said sum mode port and excitation of said array
with said difference mode causes a signal to be derived
only from said difference mode port.

5. The tracking system of claim 3 wherein said ele-
ments are spirals.

6. The tracking system of claim 5 wherein four of said
spirals are provided, the terminals of said spirals closest
to the array boresight axis being located at the corners
of a square.

7. The tracking system of claim 5 wherein eight of said
spirals are provided.

8. The tracking system of claim 7 wherein said excita-
tion means includes a microwave network having eight
first ports and at least three second ports, each of said
first ports being connected in energy exchange relation-
ship with a different one of said radiator elements, said
network being arranged so that simultaneously: two of
said second ports derive said sum and first difference mode
patterns, respectively, another one of said second ports
derives a difference mode having the maximum ampli-
tude of its pattern displaced farther from the array center
than the first difference mode; and means for detecting
the signal deriving from another second port.

9. The tracking system of claim 7 wherein said excita-
tion means includes a microwave network having eight
first ports and seven second ports, each of said first ports
being connected in energy exchange relationship with
a different one of said radiator elements, said network
being arranged so that simultaneously: two of said second
ports derive said said sum and first difference mode pat-
terns, respectively, each of said other second ports de-
rives a separate difference mode having the maximum
amplitude of its pattern displaced by a different amount
from the center of the array center and by a greater dis-
tance than the first difference mode; and means for de-
tecting the signal deriving from each of said another
second ports.

19. The tracking system of claim 9 wherein each of
said another difference ports respectively derives a signal
corresponding with the second, third, fourth, fifth and
sixth difference mode patterns, and said detecting means
includes means for separately phase comparing each of
said difference mode pattern signals with the adjacently
numbered difference mode pattern signal.

11. The tracking system of claim 5 wherein N of said
spirals are provided, where N is greater than three.

12. The tracking system of claim 1 wherein said ex-
citation means includes a microwave network having N
first ports and between three and (N-1), inclusive second
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ports, each of said first ports being connected in energy
exchange relationship with a different one of said radi-
ator elements, said network being arranged so that simul-
taneously: two of said second ports derive said sum and
first difference mode patterns, respectively, another one
of said second ports derives a difference mode having the
maximum amplitude of its pattern displaced farther from
the array center than the first difference mode; and means
for detecting the signal deriving from the another second
port.

13. The tracking system of claim 11 wherein said ex-
citation means includes a microwave network having N
first ports and (N-1) second ports, each of said first
ports being connected in energy exchange relationship
with a different one of said radiator elements, said net-
work being arranged so that simultaneously: two of said
second ports derive said sum and first difference mode
patterns, respectively, each of said other second ports
derives a separate difference mode having the maximum
amplitude of its pattern displaced by a different amount
from the center of the array center and by a greater dis-
tance than the first difference mode; and means for de-
tecting the signal deriving from each of said another
second ports.

14. The tracking system of claim 13 wherein each of
said another difference ports respectively derives a signal
corresponding with the second, third, . .. (N-2) dif-
ference mode patterns, and said detecting means includes
means for separately phase comparing each of said dif-
ference mode pattern signals with the adjacently num-
bered difference mode pattern signal.

15. The tracking system of claim 3 wherein said ele-
ments are log-periodic.

16. The tracking system of claim 15 wherein each of
said radiators comprises: a conductor extending radially
from the center of the array, a plurality of arcuate con-
ductors spaced along said radial conductor and dimen-
sioned in accordance with the log-periodic criterion, al-
ternate ones of said arcuate conductors being connected
on either side of said radially extending conductor, each
of said arcuate conductors being a segment of a circle
lying along a different circumference from the array cen-
ter; the arcuate conductors of adjacent ones of said ra-
diators being interleaved.

17. The tracking system of claim 15 wherein eight of
said elements are provided.

18. The tracking system of claim 17 wherein said ex-
citation means includes a microwave network having
eight first ports and at least three second ports, each of
said first ports being connected in energy exchange rela-
tionship with a different one of said radiator elements,
said network being arranged so that simultaneously: two
of said second ports derive said sum and first difference
mode patterns, respectively, another one of said second
ports derives a difference mode having the maximum
amplitude of its pattern displaced farther from the array
center than the first difference mode; and means for de-
tecting the signal deriving from the another second port.

19. The tracking system of claim 17 wherein said ex-
citation means includes a microwave network having
eight first ports and six second ports, each of said first
ports being connected in energy exchange relationship
with a different one of said radiator elements, said net-
work being arranged so that simultaneously: the first,
second and third ones of said second ports respectively
derive sum, first difference and second difference mode
patterns for a first circular polarization direction while
the fourth, fifth and sixth ones of said second ports re-
spectively derive sum, first difference and second difference
mode patterns for a second circular polarization direc-
tion, and detecting means for separately phase comparing
the first and second difference mode pattern signals of
each polarization direction.

28. The tracking system of claim 15 wherein N of said
elements are provided, where N is greater than four.
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21. The tracking system of claim 20 wherein said ex-
citation means includes a microwave network having N
first ports and any even integral number between four
and (N-2), inclusive, of second ports, each of said first
ports being connected in enmergy exchange relationship
with a different one of said radiator elements, said net-
work being arranged so that simultaneously: half of said
second ports defive sum and difference mode patterns
in one circular polarization direction and the other bhalf
of said second ports derive sum and difference mode
paiterns in another circular polarization direction; and
means for detecting the signal deriving from each of said
second ports.

22. The tracking system of claim 26 wherein said ex-
citation means includes a microwave network having N
first ports and (N-2) or the even integer one greater
than (N-2) second ports, the number of second ports
being equal to M, each of said first ports being connected
in energy exchange relationship with a different one of
said radiator elements, said network being arranged so
that simultaneously: the

M
2

of said second ports respectively derive the sum, first
difference

1,2...

M

)

difference mode patterns in one circular polarization di-
rection while the

(%-;-1), <ﬂ—24+2> M

of said second ports respectively derive the sum, first
difference

M

2

difference mode patterns in another circular polarization
direction, and means for separately phase comparing the
adjacently numbered difference mode pattern signals of
each polarization direction.

23. A monopulse tracking system comprising an an-
tenna array deriving circularly polarized patterns, means
exciting said array to derive simultaneously sum, first
difference and at least one other difference mode patterns,
said exciting means including separate ports for each of
said modes, the first difference mode port deriving a sig-
nal having two orthogonal phase components, means for
comparing one of the phase components of the signal
deriving from the first difference mode port with the
phase of the signal deriving from the sum mode port,
means for comparing the other phase component of the
signal deriving from said first difference mode port with
the phase of the signal deriving from the sum mode port,
and means for detecting the signal deriving from the
other difference mode pattern port.

'24. The tracking system of claim 23 wherein said ex-
citation means excites simultaneously all of said mode
patterns in both circular polarization directions, means
for phase comparing the first difference and sum mode
signals of each polarization direction separately and means
for separately detecting the other difference mode signals
of each polarization direction.

25. The tracking system of claim 23 wherein said ex-
citing means further excites simultaneously each of the
difference mode patterns between the first and Nth, where
N is greater than one, said exciting means including a
separate port for each of said modes, and means for de-
tecting the signal deriving from each of said ports.

26. The tracking system of claim 25 wherein said de-
tecting means comprises means for phase comparing ad-
jacent numbered ones of said difference mode pattern
signals.
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27. The tracking system of claim 25 wherein said ex-
citation means excites simultaneously all of said mode
patterns in both circular polarization directions, means
for phase comparing the first difference and sum mode
signals of each polarization direction separately, and
means for separately detecting the other difference mode
signals of each polarization direction.

28. The tracking system of claim 26 wherein said de-
tecting means comprises means for phase comparing ad-
jacent numbered ones of said difference mode pattern
signals.

29. In a tracking system, a spiral radiator array com-
prising N coupled spiral radiator elements, where N is
an integer greater than two, an excitation network hav-
ing N first ports and at least two second ports, each of
said N first ports being coupled in energy exchange re-
lationship with a different one of said elements, said
excitation network including means for coupling energy
between said first and second ports for exciting the sum
and first difference mode patterns of said array simul-
taneously.

30. The tracking system of claim 29 wherein N=4.

31. The tracking system of claim 29 wherein said ex-
citation network includes: between three and (N-1)
second ports, and means for coupling energy between said
first and at least one of said second ports for exciting a
second difference mode pattern of said array simultane-
ously with said sum and first difference mode patterns,
said second difference mode having a radiating diameter
greater than the radiating diameter of said first difference
mode.

32. The tracking system of claim 29 wherein each of
said radiator elements comprises: a conductor extending
radially from the center of the array, a plurality of ar-
cuate conductors spaced along said radial conductor and
dimensioned in accordance with the log-periodic cri-
terion, alternate ones of said arcuate conductors being
connected on either side of said radially extending con-
ductor, each of said arcuate conductors being a segment
of a circle lying along a different circumference from the
array center; the arcuate conductors of adjacent ones of
said radiators being interleaved.

33. In a tracking system, a radiator array comprising
N coupled, arcuate radiator elements equispaced about
the array center of deriving circularly polarized patterns,
where N is an integer greater than two, an excitation
network having N first ports and at least two second
ports, each of said N first ports being coupled in energy
exchange relationship with a different one of said ele-
ments, said excitation network including means for cou-
pling energy between said first and second ports for ex-
citing the sum and first difference mode patterns of said
array simultaneously.

34. The tracking system of claim 33 wherein said
elements are log-periodic.

35. The tracking system of claim 34 wherein each of
said radiators comprises: a conductor extending radially
from the center of the array, a plurality of arcuate con-
ductors spaced along said radial conductor and dimen-
sioned in accordance with the log-periodic criterion, alter-
nate ones of said arcuate conductors being connected on
either side of said radially extending conductor, each of
said arcuate conductors being a segment of a circle lying
along a different circumference from the array center; the
arcuate conductors of adjacent ones of said radiators being
interleaved.

36. An antenna array comprising a plurality of cou-
pled, identically shaped log-periodic radiators equispaced
about the center of the array, each of said radiators in-
cluding: a conductor extending radially from the center
of the array, a plurality of arcuate conductors spaced
along said radial conductor and dimensioned in accord-
ance with the log-periodic criterion, alternate ones of said
arcuate conductors being connected on either side of said
radially extending conductor, each of said arcuate con-
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ductors being a segment of a circle lying along a different
circumference from the array center; the arcuate con-
ductors of adjacent ones of said radiators being inter-
leaved.
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